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Abstract: Vegetables and fruits can potentially accumulate cyanotoxins after water contaminated
with cyanobacteria is used for irrigation. We developed and validated an analytical method to
quantify eight microcystin congeners (MCs) and nodularin (NOD) using ultra high-performance
liquid chromatography coupled with tandem mass spectrometry (UHPLC-MS/MS) in three dif-
ferent matrices. Strawberries, carrots and lettuce are selected as model matrices to represent the
fruits /berries, leafy and root vegetables, sequentially. The validation of a UHPLC-MS/MS method in
the strawberry matrix is novel. Matrix effects are observed in all three matrices. Our methodology
uses matrix-matched calibration curves to compensate for the matrix effect. The implementation
of our method on 103 samples, containing nine different sorts of fruits and vegetables from the
Belgian market, showed no presence of MCs or NOD. However, the recoveries of our quality controls
showed the effectiveness of our method, illustrating that the use of this method in future research or
monitoring as well as in official food controls in fruit and vegetable matrices is valid.
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1. Introduction

Cyanotoxins can be produced in eutrophic waterbodies during blooms of photosyn-
thetic, eukaryotic organisms called cyanobacteria [1-8]. Multiple studies and reviews have
documented the occurrence of cyanotoxins in different foods [9,10]. The sedentary nature
of agriculture allows for the accumulation of these harmful compounds in food crops when
vital irrigation water is contaminated with these toxins.

The most common cyanotoxin group, worldwide, is microcystin congeners (MCs).
These are hepatotoxins produced by different cyanobacteria species (e.g., Microcystis aerug-
inosa, Anabaena/Dolichospermum, Planktothrix sp., Oscillatoria and Nostoc) [11]. Nodularin
(NOD) has a similar structure to MCs and was initially found in Nodularia sp. [8,12]. A
unique structural part of both toxins is the ADDA fragment ((25,35,85,95)-3-amino-9-
methoxy-2,6,8-trimethyl-10-phenyl-4,6-decadienoic acid), which contributes to the inter-
action with the target proteins [5]. Both toxins inhibit protein phosphatases 1 and 2A
(PP1 and PP2A) in eukaryotes after transport in cells, causing cell death. The transport is
facilitated by specific organic anion-transporting polypeptides (OATPs) [13-16]. Cylindros-
permopsin (CYN) is another hepatotoxin that inhibits the protein synthesis of the affected
cell and, thus, cell growth [17]. This toxin was first found in Australia. CYN is produced by
Cylindrospermopsis raciborskii, although other producing cyanobacterial species have been
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identified [17]. Even though CYN is more commonly reported in warmer climates in the
Southern Hemisphere, cases have been found in Europe since its discovery [18].

The effects of the other classes of cyanotoxins, such as neurotoxins, are not well
studied in plants. Neurotoxins, such as saxitoxin, are also primarily found in warmer
regions [19-21], while anatoxin-a is also regularly found in colder regions [6,11,22].

For studying the physiological effects and accumulation of cyanotoxins in plants,
two methods are commonly used for the detection and quantification of these toxins.
Initially, optimized immunoassays were used to (semi)quantify MCs in plant tissue [23-26].
Later, more robust and quantitative liquid chromatography (LC) approaches coupled
to (tandem) mass spectrometry (MS(/MS)) were used to measure the concentrations of
different MCs, CYN and their transformation products in plants [27-31].

The applicability of both the immune assays and the LC-MS(/MS) approaches depends
on the goal of the analysis. To determine bound and unbound MCs in plant material,
immunoassays might be the best option, as all the available ADDA fragments will be
detected [32]. However, immunoassays are known to produce false positive readouts and
are not able to identify separate congeners or transformation products [27]. Moreover,
insufficient toxicological data are available from a public health point of view to determine
the effect and bioavailability of the bound/transformed MCs. Using immunoassays might
thus cause an overestimation of the concentration of the bioavailable MCs, resulting in an
overestimation of the risk to human health.

Various LC-MS(/MS) approaches have been developed to identify multiple MCs and
CYN, separately or concurrently, in plant material [28,30,31]. Usually, multiple reaction
monitoring (MRM) is used, which is capable of identifying and quantifying multiple toxins.
Yet, due to the selective nature of this method, uncommon congeners or transformation
products will not be detected when they are not included in the method a priori. The inclu-
sion of a sufficient number of MCs in a UHPLC-MS/MS method is crucial for accurately
assessing the total microcystin concentration and, thus, possible public health risks.

Up till now, different MS methods have been validated. Generally, the methods
use 75-80% methanol (MeOH) as an extraction solvent, which in some cases is
acidified [27,28,30,31]. Recoveries for MC-LR (56-65%), MC-RR (30-32%), MC-YR (79-81%)
and NOD (97-118%) were reported in broccoli roots and stems, separately, using LC-MS
selected ion recording (SIR) [27]. Signal enhancement was observed for nearly all tox-
ins [27]. Only MC-LR and MC-YR were affected by signal suppression in the root samples
at the highest spiked concentration. Later, a UHPLC-MS/MS method was validated for
MC-LR, MC-RR and MC-YR in multiple crop plants (lettuce, turnip, water spinach, potato,
cabbage, pumpkin, chio sum, cucumber, carrots and eggplants) [28]. Solid-phase extraction
(SPE) was used during the method to purify the extract. A C18 cartridge was used for
all crops except for eggplant and cucumber. For the latter, an HLB cartridge had to be
used to optimize their recovery. A suppressive matrix effect was observed for all plant
materials [28]. Another UHPLC-MS/MS method was validated for MC-LR and MC-RR
in lettuce using 50% MeOH in conjunction with an HLB cartridge for the SPE [30]. The
UHPLC-MS/MS method was also validated successfully for CYN in lettuce [29]. Further-
more, the quantification of MC-LR, MC-RR, MC-YR and CYN in lettuce was successfully
optimized using 80% MeOH extraction, dual (C18 and PGC cartridge) SPE purification
and UHPLC-MS/MS. The obtained recoveries were slightly lower compared to the earlier
studies, probably due to the inclusion of CYN, which is hydrophilic compared to the more
hydrophobic MCs [31]. Clearly, important developments in methods have already occurred.
However, most methods still lack multiple chemically diverse microcystin congeners. These
MCs could be present in the sample and interact differently with the matrix during analysis.
Especially for the more hydrophobic congeners, for example, MC-LF and MC-LW, they are
still missing. Other matrices, such as fruits and berries, should be validated separately as
different matrix effects could occur.

The plant accumulation of different MCs and CYN through irrigation water has been
studied in multiple (crop)plants. Lettuce is probably the best-studied vegetable, often
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selected based on its relevance in the human diet and its large leaf surface. The presence
of MCs was initially detected with an immunoassay in lettuce after spray irrigation with
Microcystis aeruginosa containing water [23]. The central leaves significantly retained higher
concentrations compared to leaves from the basal or distal zones. Lettuce shots were later
also shown to accumulate MCs [33]. The accumulation of MCs in the roots and leaves of
lettuce was also shown after irrigation with naturally contaminated water [34-36]. The
bioaccumulation of different MCs has also been linked to the initial exposure concentrations
in lettuce, showing higher accumulation with higher MC concentrations in the water [37,38],
while depuration of 75% of the initially accumulated MC-LR was reported for lettuce after
seven days [38]. Similar experiments were conducted for CYN, showing accumulation in
lettuce [29,39]. Decreasing depuration was observed when the CYN exposure concentration
was increased [39]. The combined accumulation of CYN and MCs in lettuce and spinach
was shown when these plants were exposed to irrigation water containing both toxins. Only
CYN was detected in the leaves, while both MCs and CYN were found in the roots [40].
The accumulation of MCs in root vegetables such as rape, carrots and radishes was also
shown and was dependent on the exposure concentration [24,33,41,42]. For rice, the MCs’
accumulation was found in the laboratory as well as in field studies [24,43,44]. MCs have
also been observed in tomatoes and chili plants [45,46]. While a lab study with radio-
labeled MC-LR only found accumulation in the roots and stems of the tomato plants [45],
field studies have shown the accumulation of only MC-RR in the tomatoes when water
contaminated with MC-LR and MC-RR was used [46]. In the same field study, MC-LR
and MC-RR were found in the seeds of Capsicum annuum (sweet and chill pepper) and
only MC-LR in the fruit tissue [46]. The accumulation of MCs in legumes, clover, ryegrass,
broccoli and mustard has also been evaluated in the past [27,33,47].

A large field study showed the prevalence of MCs in different vegetables, with the
highest concentrations of total MCs found in leafy vegetables, fruits and root vegetables.
MC-RR contributed the most to the total MC concentration, while MC-LR and MC-YR
combined only contributed up to 30% of the MCs’ concentration in the samples [48].

Moreover, the presence of MCs in irrigation water cannot only endanger public health
but also influence the growth of crops. Initially, the conjugation of MC-LR with glutathione
by soluble glutathione S-transferases (sGSTs) was shown in the rhizome and stem parts of
Phragmites australis [25]. Additionally, a reduction in sGST activity was observed with
increasing MC concentrations for lettuce [37]. During development, MCs can influence the
growth of different crop plants, resulting in shorter shoots, necrosis or a lack of primary
roots and yellowing of the leaves [24,27,33,36,41,47,49-51]. However, the effects of MCs
are shown to differ between different crop species [33,50]. Furthermore, oxidative stress
responses occur when irrigation water is contaminated with MCs but differ depending on
the plant [24,37,49,51].

The gas exchange parameters in the lettuce were shown to be elevated when treated
with MCs [37]. When lettuce plants were irrigated with MC-contaminated water at different
development stages, an overall increase in the photosynthetic rates and a reduction in the
root biomass for plants irrigated from the seed stage were shown [36]. In strawberries,
carotenoids and chlorophyll-a and -b concentrations were reduced after treatment for
60 days with irrigation water containing 20 ug/L of MCs (primarily MC-LR and MC-
RR) [51].

Adult Lycopersicon esculentum was irrigated with pure MC-LR and crude toxic cyanobac-
teria extract. The treatment with pure MC-LR decreased the plant’s capacity to synthesize
ATP and the performance of photosynthesis, while the crude extract caused increases in
carbon fixation and decreased carbohydrate metabolism [52].

To provide a tool to accurately quantify the possible accumulation of different MCs
in plant materials, we successfully developed and validated a UHPLC-MS/MS method
capable of doing this for eight common MCs (i.e., MC-LR, MC-RR, MC-LE, MC-LA, MC-LY,
MC-LW, MC-WR and MC-YR) and NOD in lettuce, carrots and strawberries. These crops
represent major groups of leaf and root vegetables as well as fruits and berries. Moreover, a
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validated method has not yet been reported for strawberries up to now. Our method is also
validated for the quantification of the highest amount of microcystin congeners in plant
materials. To further evaluate the method and show that it is applicable to other vegetable
matrices, a screening of nine different vegetables and fruits from The Belgian market was
performed in more than 100 independent samples. The recovered concentration for the
MCs from a spiked sample in each matrix was used to assess the quality of the method for
each of the MCs.

2. Materials and Methods

The solvents used for the mobile phase and extraction were all UPLC/MS grade
solvents (Biosolve B.V., Valkenswaard, the Netherlands). The NOD and MC standards
were ordered as a solid powder from Enzo Life Sciences (Antwerp, Belgium)®. The initial
dilution with 100% methanol was followed by dilutions with 50% methanol with 1% acetic
acid to prepare a mixed stock solution. The dissolved cyanotoxin standards were kept at
—20°C.

2.1. Quantification of Cyanotoxins
2.1.1. Sample Preparation and Extraction

Fruit and vegetable samples were cut into small pieces (+/—1 cm®) and mixed with a
1000 W mixer (Moulinex). Consequently, 0.5 g of the samples were stored in a 50 mL plastic
tube for analysis. During the analysis, the samples of each sort of vegetable or fruit, which
were previously shown to be uncontaminated, were used as blank and quality control (QC)
samples. For the QC, 25 puL of a toxin standard solution (100 ng mL~! per toxin), containing
the eight MCs and NOD, was added.

The samples were subjected to extraction with 4.5 mL MeOH (80%) and incubated for
15 min in a sonic disrupter (BRANSON 2510). The samples were then mixed for 30 min in
an overhead shaker (Heidolph Reax 2 Mixer) and centrifuged (Sorvall Legend XT centrifuge
Thermo Scientific) at 15,303 g for 15 min. The supernatant was evaporated (Evaporator
organomation N-EVAP 112) under a nitrogen flow for 90 min at 45 °C, after which some
liquid remained.

Solid-phase extraction (SPE) was used to purify the remaining liquid. An Agilent C18
cartridge (6 mL, 500 mg) was conditioned with 6 mL MeOH (100%) and equilibrated with
Milli-Q water at pH 11. The remaining liquid was then loaded, and the cartridge was dried
under vacuum for 5 min. The toxins were then eluted with 3 mL. MeOH (80%). The filtrate
was further purified with a 5 mL syringe attached to a 0.2 pm Phenomenex RC-filter.

Purified samples were added to amber glass vials for injection at 10 uL. A matrix-
matched standard calibration curve (MCC) was made in a blank matrix in a range between
0.1and 50 pg L.

2.1.2. UHPLC-MS/MS Parameters

The UHPLC-MS/MS method was used earlier in similar methods developed by our
lab [53-55]. In short, a Waters Acquity UPLC H-class was used in tandem with a Waters
XEVO TQ-S. The UHPLC was fitted with a Waters Acquity BEH C18 1.7 uM VANGUARD
PRE-Col and Waters Acquity BEH C18 column, 1.7 um, 2.1 x 100 mm? for the separation of
the toxins. A gradient elution was used where the fraction of acetonitrile (B) in the eluent
changed as followed: 0 min, 2% B; 1.00 min, 40% B; 7.00 min, 55% B; 7.20 min, 98% B;
8.00 min, 98% B; 9.00 min; 2% B; 12 min, 2% B. The elution solvent A was made of Milli-Q
Water. Both elution solvents were supplemented with 0.025% formic acid, the flow rate was
0.5 mL min~! and the column was heated to 60 °C.

The parameters for the detection of the different toxins can be found In Table 1. The
electrospray was used in the positive mode at a capillary voltage of 1 kV, nebulizer gas
pressure of 7.0 bar and a source temperature of 150 °C. The desolvation temperature and
desolvation gas flow were 450 °C and 1000 L h~!, respectively.
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Table 1. Mass-to-charge ratio (m/z) of the precursor, quantifier and qualifier ions for the eight
microcystin congeners and nodularin. The collision energy (eV) and cone voltage (V) are shown for
the quantifier and qualifier ions.

Toxin Precursor Quantifier Collision Cone Qualifier Ion Collision Cone
Ion (m/z) Ion (m/z) Energy (eV) Voltage (V) (m/z) Energy (eV) Voltage (V)

MC-LR 995.4 135.0 70 80 213.1 60 80
MC-RR 519.8 134.8 30 50 107.2 60 50
MC-YR 1045.5 135.3 80 60 2129 60 60
MC-WR 1068.4 135.3 70 100 213.1 60 100
MC-LY 1002.4 135.3 60 50 213.0 50 50
MC-LA 910.3 135.1 60 50 107.1 80 50
MC-LF 986.3 135.0 60 70 213.1 60 70
MC-LW 1025.4 134.9 60 60 213.1 50 60

NOD 825.25 134.9 50 80 102.7 90 80

The cone gas flow and collision gas flow were 150 L h~! and 0.15 mL min !, respec-
tively. The elution peaks of the eight MCs and NOD in the three different matrices are
shown in Figures 51-53 in the Supplementary Materials.

2.1.3. Calculations of Toxin Concentration

The quantification of the MCs was performed using the MassLynx TargetLynx software
based on a matrix-matched calibration curve for each toxin from 0.1 to 50 ng mL~!, except
for MC-RR in strawberries, where 0.1 ng mL~! was excluded and the curve started at
0.5ng mL~!. The results were recalculated to ug kg~! and corrected with the recovery
based on the QC.

2.2. Validation Parameters

Three different matrices (i.e., lettuce, strawberries and carrots) were validated for
our method at 3 concentration levels (i.e., 1, 5 and 25 pg kg~!). However, the lowest
validation point for MC-RR in strawberries did not meet the requirements for the limit of
quantification (LOQ). Therefore, the lowest validation point (1 pug kg ') was replaced by
5 pg kg ! for MC-RR in strawberries and an additional point was validated at 10 pg kg~

2.2.1. Specificity

The specificity was successfully validated if no identifiable signal was observed in
the blank samples or lower than 1% of the obtained signal for the analysis of 5 ug kg~ *.
Further, the signal for both the quantifier and qualifier ions must be present in a spiked or
analytic sample to confirm that the signal coincides with the detection of a toxin.

2.2.2. Ion Ratio

The maximum variance of the ion ratios is determined in EU Decision 2002 /657 /EC [56].
Depending on the contribution of the individual ion to the total peak, a different variation
is allowed.

2.2.3. Limit of Detection (LOD) and Limit of Quantification (LOQ)

The LOQ was defined as the lowest concentration where the method was fully val-
idated and the signal-to-noise was higher than 10. The LOD was defined as the lowest
concentration and the signal-to-noise was higher than 3.

2.2.4. Linearity and Matrix Effect

The linearity was evaluated based on a seven-point calibration curve ranging from
0.10 to 50 ng mL~!, except for MC-RR in strawberries, where the calibration curve ranged
from 0.5 to 50 ng mL~!. Each level was injected twice. The ideal fitting of the curve was
determined with Mandel’s fitting test. If a quadratic regression was proposed, the R? of the
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linear regression was first evaluated. When this value was equal to or greater than 0.98, a
linear regression was chosen over a quadratic one to simplify the subsequent calculations.

The matrix effect was determined for each toxin by producing a calibration curve
combining all the toxins in Milli-Q water and methanol (+1% acidic acid) mix (50:50, v/v)
and in a blank matrix (either carrots, strawberries or lettuce). When the fits of the calibration
curves for the dilution solvent and blank matrix intersect, there is a matrix effect. A visual
inspection of the linear fit was performed to determine the matrix effect. Additionally, the
difference in the slope between the dilution solvent and the blank matrix was analyzed
using the Student’s t-test. The calculated t-value was compared with the tabulated at
the 95% confidence level. If the difference between slopes is significant, a matrix effect
is present.

2.2.5. Recovery

Recoveries were calculated based on the different spiked concentrations and should
be between 70% and 120%. The recovery was calculated as follows:

Apparent Recovery = Cinm /Cp

where Cym = the mean of the means of each concentration level (1 = 9); C;, = the spiked
concentration.

2.2.6. Repeatability, Reproducibility and Measurement Uncertainty

The acceptance criteria for reproducibility and repeatability were established based on
EU Decision 2002/657/EC [56]. In this decision, the upper boundaries for both parameters
are determined by the Horwitz ratio based on the coefficient of variation (CV) and average
variance, respectively. In addition, the boundaries for the measurement uncertainty were
set below or equal to 80%. This high amount of variation can be justified by the lack of
internal standards. The measurement uncertainty was calculated as twice the coefficient of
variation. The statistical analysis was performed according to ISO5725-2 from 1994.

2.3. Sampling from the Belgium Market

A sampling of fruits and vegetables at the point of sale was conducted for two reasons.
The first was to further test the developed method. The second was to perform a screening
of potential cyanotoxin presence in actual foods bought by the consumers. The selection of
fruits and vegetables from the Belgium market was based on multiple criteria. EFSA food
consumption data were used to identify the most consumed foods in Europe. Fruits and
vegetables were ranked based on the available consumption data (Table 2). Only fruits and
vegetables for which consumption data were available were taken into account for sampling.
Other selection criteria were raw consumption, contact of edible part with irrigation water,
harvest during or after cyanobacteria’s bloom season and scientific and cultural relevance.
The last two criteria were based on a lack of data present in the literature and vegetables or
fruits typically consumed in Belgium, respectively. Moreover, the included products were
preferably harvested in Belgium.

In total, nine different fruits and vegetables were selected based on these criteria.
Carrots, chicory, radish, onions and potato were selected and grouped as root vegetables.
Strawberries, tomatoes and cherry tomatoes were grouped as fruits. Only lettuce was
selected as a leafy vegetable under our selection criteria. Table 2 provides a summary of
the criteria applicable to each selected group. A complete overview of all independent
samples can be found in Table S2 of the Supplementary Materials. These data also include
sampling data and the origin of the samples (as read on the label). The sample analysis for
a particular matrix was conformed if the recoveries calculated from the QC samples for
this specific matrix adhered to the validation guidelines.
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Table 2. Criteria for the sample matrix selection: food consumption rank, raw consumption, (direct)
contact with irrigation water, harvested during cyanobacteria’s bloom period and scientific relevance
and cultural relevance.

Sample Matrix Consumption Eaten Contact with Harvested d1'1ring Scientific Cultural
Rank * Raw Water Bloom Period Relevance Relevance
Carrots 4 X X
Onions 5 X X
Potato 5 X X X
Chicory 3 X X X X X
Radish 2 X X X X
Strawberries 4 X X X X
Tomato 4 X X X
Cherry Tomato 4 X X X
Lettuce 4 X X X

* Rank 1 = no consumer data; rank 2 > 1 consumer; rank 3 > 100 consumers; rank 4 > 1000 consumers;
rank 5 > 2000 consumers.

3. Results
3.1. Validation Results for the Different Matrices

The validation for the eight MCs and NOD was successful in lettuce, strawberries and
carrots. All toxins showed specific signals for qualifier and quantifier ions in all matrices
adhering to the validation criteria. Ion ratios were also found within the boundaries set by
EU Decision 2002/657/EC [56], as shown in Table 3.

Table 3. Results for the average ion ratio (%) and standard deviation (%) in carrots, lettuce and
strawberries for the eight microcystin congeners and nodularin.

Carrots Lettuce Strawberries
Average Ion Standard Deviation Average Ion Standard Deviation Average Ion Standard Deviation
Ratio Ion Ratio Ratio Ion Ratio Ratio Ion Ratio
MC-RR 15.28 5.43 16.15 5.82 13.13 2.63
NOD 42.66 4.69 41.24 1.65 46.58 2.29
MC-LA 47.36 7.07 51.46 6.07 40.28 1.78
MC-LF 40.45 1.77 41.14 2.14 39.31 0.89
MC-LR 31.98 1.20 32.57 2.81 31.75 1.68
MC-LY 50.01 3.87 49.58 6.26 51.80 5.08
MC-LW 45.36 2.05 44.85 2.32 45.19 2.00
MC-YR 36.45 3.98 35.84 449 38.88 4.65
MC-WR 43.05 10.74 41.22 4.03 38.93 2.21

For the most part, the validation parameters were met for the LOD and LOQ. The LOQ
was set at 1 pg kg~!, as this was the lowest validated concentration. The average signal-
to-noise values for the LOQ were above 10, as shown in Table S1 of the Supplementary
Materials. The LOD was set at the lowest concentration in the calibration curve (0.1 equal
to 0.6 ug kg~ ') if the signal-to-noise was higher than three, as can also be seen in Table S1
of the Supplementary Materials. All toxins in all matrices adhered to this parameter for
the LOD and LOQ, except MC-RR in strawberries, where the average signal-to-noise was
not high enough. Therefore, the LOQ and LOD were instead validated at 5 and 3 pg kg !
(or LOD equal to 0.5 ug L), respectively, for MC-RR in strawberries. An additional
concentration level (10 ug kg~!) was added specifically for this toxin to assess recovery,
repeatability, reproducibility and measurement uncertainty later on during the validation.

The values for the recovery stayed within the preset parameters of 70-120% for all
toxins in all matrices, as can be seen in Figure 1 and in Table S1 of the Supplementary
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Materials. The recovery for the sum of all toxins was also calculated for each concentration
level and adhered to the preset parameters.
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Figure 1. Average recoveries (%) obtained during the validation of the eight microcystin congeners
(MCs) and nodularin (NOD) in the validated matrices (i.e., lettuce, carrots and salads). The av-
erage recovery for each toxin in each matrix was calculated from the recoveries at the different
concentration levels.

The linearity of the calibration curves of the different toxins in the different matrices
was evaluated with Mandle’s fitting test. The ideal fit (quadratic or linear) always varied
for the same toxin in the same matrix due to the R? values that were similar for both fits.
We eventually chose to calculate the concentrations with a linear fit, as the calculations are
easier and linearity of the calibration curve is expected when using MS/MS. The R? values
are presented in Table S1 of the Supplementary Materials to illustrate the validity of the
linear fit.

The matrix effect was observed for all of the toxins in all of the matrices based on a
t-test on the slopes of the calibration curves in the matrix and dilution solvent. Plotting
both curves, the presence of the matrix effect could be evaluated based on the intersection.
When the lines intersect, a matrix effect is present, as illustrated in Figure 2.

Furthermore, Horwitz ratios determined the maximum repeatability and reproducibil-
ity for each toxin and the sum of all toxins in each matrix. The repeatability and repro-
ducibility calculated with the results from the validation were below the maximum values
calculated with the Horwitz ratio (Table S1 in the Supplementary Materials).

The measurement uncertainties were also below the boundary of 80% for all the toxins
in all the matrices, as can be seen in Table S1 of the Supplementary Materials.
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Figure 2. Visual assessment of the matrix effect for the eight microcystins and nodularin in lettuce (A), strawberries (B) and carrots (C). Table (D) presents the
calculated t(b) values of the Student’s ¢-tests compared to t(95%), with t(b) < t(95%) if no significant difference was present between the slopes of the curve and, thus,

no matrix effect.
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3.2. Method Application on Different Vegetables and Fruits

Multiple vegetables and fruits were collected from the Belgian supermarket from the
end of July to the middle of November. Some radishes and potatoes originated from other
countries, as during the sampling period, insufficient samples were available from Belgian
origins (Table S2 in the Supplementary Materials).

Overall, no MCs or NOD were found in any of the vegetable or fruit samples. An
additional quality control (QC) was added to each batch of analysis for each different
matrix. The recoveries of the QCs for the matrices were within the boundaries (70-120%)
used during validation (Table 4). The successful use of our validated method on vegetables
and fruits other than carrots, salad and strawberries shows that our method can be used to
analyze diverse matrices in these groups of products.

Table 4. Average recoveries (%) of quality controls in the market samples for the different matrices.

Sample Type MC-RR NOD MC-LA MC-LF MC-LR MC-LY MC-LW MC-YR MC-WR
Chicory 98.53 97.07 95.87 96.93 99.93 105.20 110.27 89.47 94.80
Onion 84.05 87.50 89.85 83.70 87.40 83.60 75.45 87.65 80.60
Cherry Tomato 87.38 85.78 90.38 79.33 86.70 88.58 70.15 83.68 80.38
Raspberry 80.10 79.50 95.10 81.20 82.10 90.50 72.80 86.50 86.30
Tomato 91.40 99.20 106.80 100.30 89.50 98.30 104.40 108.20 109.50
Carrot 81.58 86.02 91.05 103.15 96.28 84.70 101.65 81.90 80.15
Potato 79.38 88.05 89.58 97.60 95.48 85.53 96.75 87.87 80.57
Strawberries 79.93 91.13 84.47 75.07 87.73 82.13 84.47 80.00 93.07
Lettuce 70.0% 82.67 89.07 98.47 105.67 77.07 83.13 76.00 70.87

4. Discussion

We successfully validated a UHPLC-MS/MS method for the highest number of MCs
(i.e., eight) described in the literature and NOD in three plant matrices (i.e., carrots, lettuce
and strawberries). Moreover, this method describes the first validation for strawberries,
where, due to the fact of their different chemical composition compared to the other
matrices, it clearly showed a slightly lower recovery for MCs. The matrix effects caused
by the strawberries significantly masked the signal of MC-RR, resulting in an increased
LOD and LOQ. Chemical diversity among different fruits and vegetables is not uncommon,
as Li et al. (2014) already reported the use of an HLB SPE cartridge for cucumbers and
eggplants to increase MC recovery instead of the C-18 cartridges used for the validation of
other vegetables [28]. The influence of the matrix effect on different methods of analysis
has been shown [27,30,31]. In the three matrices we tested, the matrix effect was shown to
affect the quantification if the calibration curve was prepared in a solvent. To account for
the matrix effect, we opted for a matrix-matched calibration curve.

Separate parameters (LOD, LOQ, recovery and MU) are difficult to compare between
the existing validated methods due to the use of different matrices, state of the matrix
(dry or fresh weight), methodology or calculation of the parameters. One method used
MS [27], while another was developed to extract MCs from different matrices (i.e., fish, soil
and vegetables), resulting in a completely different methodology [30]. Similarly, in 2018,
Diez-Quijada et al. developed a UHPLC-MS/MS method for CYN and three MCs, altering
the methodology using a duplicate SPE, which caused a generally reduced recovery for all
compounds [31]. Moreover, they reported a calculated LOD and LOQ), while our LOD and
LOQ were based on the signal-to-noise values for the lowest point in the calibration curve
and the lowest validated concentration, respectively. Our more experimental approach
assured the measurability of the concentrations at the LOD and LOQ, while the calculated
LOD and LOQ should be confirmed by the measurements after the validation. However,
this confirmation is often not presented in the literature. Li et al. (2014) validated a UHPLC-
MS/MS method similar to ours with only three MCs but in multiple matrices [28]. Our
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recoveries were similar to theirs. Furthermore, their similar recoveries for vegetables were
different from our matrices, suggesting that the validation of our three matrices as model
matrices for different fruit and vegetable types is valid. Using a QC as a control, we can
use our validated method to quantify MCs and NOD in other leaf and root vegetables as
well as in fruits and berries without additional validation for each matrix. However, if the
recovery of the QC is not sufficient, an additional validation or adjustment to the method
could be warranted, as shown for cucumbers and eggplants [28].

Although our study did not find any MCs or NOD in the fruit and vegetables taken
from Belgian markets, multiple studies suggest that the accumulation of MCs in crops
under real agricultural production is possible [28,34,44]. Up to 3 ug gfreshweight_l of the total
microcystin concentration was found in the edible parts of different plants after irrigation
with contaminated water from a groundwater well [34]. MC-RR, MC-LR and MC-YR were
also found in lettuce, water spinach, cabbage and chio sum irrigated with contaminated lake
water, with the total microcystin concentrations ranging up to 108.2 g kgfreshweight_l [28].
MC-LR was also detected in the edible tissues of two rice variants (20.97 and 18.19 ug kg 1)
and Ipomoea aquatica (132.86 pg kg=!) [44]. These results suggest that when sampling
vegetables for monitoring of MCs, the number of samples per species and variety of
samples should be increased. Additionally, for more targeted analysis, one could collect
crops produced near locations where (toxic) blooms occur (i.e., “hot spots”). This approach
requires the availability of reliable and rich data on bloom monitoring in various types
of waterbodies, including those that could be used for the irrigation of plants and crops.
However, only recreational waterbodies are monitored for toxic blooms in Belgium [55],
but they cannot be exploited for irrigation purposes. Therefore, reliable monitoring of
cyanotoxin accumulation in crops has to coincide with an increased scope of monitoring
of blooms in waterbodies. Alternatively, the establishment of citizen science initiatives
to report blooms might increase awareness of this issue and allow for a more accurate
assessment of the presence of MCs in crops.

5. Conclusions

Our UHPLC-MS/MS method quantified eight MCs and NOD in three crops (i.e.,
carrots, lettuce and strawberries). Moreover, the quantification of MCs in strawberries as
a model matrix for fruits is novel. Together with the validation of our uniform method
in leafy and root vegetables, these matrices can be used as models for the quantification
of the eight MCs and NOD in other edible plants. This approach does require adequate
quality controls.

Following the initial screening of nine different vegetables and fruits from Belgian
markets, it appears that there is currently no accumulation of MCs. Despite a lack of
detection of MCs or NOD in the market samples, the quality control of the developed
method was acceptable and reliable. Therefore, the methodology is adequate for future
support of food market monitoring and MCs research in general.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/separations9100319/s1, Table S1: Validation results for eight microcystin
congeners (MCs) and nodularin (NOD) in carrots, lettuce and strawberries at three concentration
levels and on average. The included parameters are recovery, repeatability, reproducibility, mea-
surement uncertainty (MU), average signal-to-noise for LOD, average signal-to-noise for LOQ and
R?; Table S2: Overview of the samples taken from Belgian markets showing separate results, origin,
sample type and sample annotation. Figure S1: The elution peaks for eight microcystin congeners
and NOD in carrot matrix at validation level 5 ng g~!. The peaks are presented together at repre-
sentable ratios based on the peak intensities by overlaying the chromatograms of the different toxins.
However, during analysis, the chromatograms for each toxin are analyzed separately. Figure S2:
elution peaks for eight microcystin congeners and NOD in lettuce matrix at validation level 5ng g~ 1.
The peaks are presented together at representable ratios based on the peak intensities by overlaying
the chromatograms of the different toxins. However, during analysis, the chromatograms for each
toxin are analyzed separately. Figure S3: elution peaks for eight microcystin congeners and NOD in
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lettuce matrix at validation level 5 ng g~ 1. The peaks are presented together at representable ratios
based on the peak intensities by overlaying the chromatograms of the different toxins. However,
during analysis, the chromatograms for each toxin are analyzed separately.
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